INTRODUCTION
Dendritic cells (DCs) play crucial roles in presenting antigens to T cells within lymphoid organs. In the spleen, classical DCs can be divided into two major subsets: cells that express CD4, CD11b, and DCIR2 and are dependent on interferon (IFN) regulatory factor 4 (IRF4) for their development (cDC2), and cells that express CD8, DEC205, and XCR1 and require basic leucine zipper transcription factor activating transcription factor-like 3 (Batf3) for their development (cDC1) (1) . The former DCs are important for presenting antigens to CD4 + T cells, whereas the latter are often crucial for cross-presentation of antigens to CD8 + T cells; however, both types of DCs can contribute to CD4 + and CD8 + T cell responses, depending on the type of antigen (1) . Within the spleen, DCIR2 + cDC2s are enriched in the blood-exposed marginal zone (MZ) bridging channels that extend between the T cell zone and the red pulp (RP) (2) (3) (4) . XCR1
+ cDC1s are present in the MZ, RP, and T cell zone (5) (6) (7) (8) (9) . After exposure to activating stimuli such as sheep red blood cells (SRBCs), lipopolysaccharide (LPS), or the doublestranded RNA mimetic polyinosinic:polycytidylic acid (poly I:C), splenic DCs move rapidly into the splenic T cell zone and, in some cases, position preferentially along the B-T zone interface (3, (10) (11) (12) (13) (14) (15) (16) . Positioning at the B-T zone interface likely increases the amount of encounter with activated CD4 + T cells because they also favor this location (17, 18) . DC movement into the T cell zone involves CCR7 up-regulation (3, 9, 11, 19) . However, the factors that allow activated DCs to distinguish between the outer and the inner T cell zone are not defined.
Epstein-Barr virus-induced gene 2 (EBI2; also known as GPR183) is a G i -coupled chemoattractant receptor that is highly expressed by lymphocytes and DCs (20, 21) . EBI2 in B cells functions together with CCR7 to distribute antigen-activated B cells along the B-T zone interface in lymphoid organs (22) (23) (24) . After B cells have received T cell help and begun down-regulating CCR7, they position to inter-and outerfollicular regions in an EBI2-dependent manner (22) (23) (24) . EBI2 function in B and T cells is important for mounting T cell-dependent antibody responses (18, 22, 23) .
Using biochemical purification procedures, EBI2 ligands were identified as dihydroxylated forms of cholesterol (25, 26) . In vitro studies established that 7,25-HC was a potent EBI2 ligand. 7,27-HC also had ligand activity but was about 10-fold less potent, whereas 25-HC and 27-HC had minimal activity (25, 26) . 7,25-HC is synthesized from cholesterol by the stepwise action of the enzymes Ch25h and Cyp7b1, whereas 7,27-HC synthesis requires Cyp27a1 and Cyp7b1 (27) . The enzyme Hsd3b7 metabolizes 7,25-HC and 7,27-HC into products that lack EBI2 ligand activity (28) . In vivo studies established that mice lacking Ch25h suffered from defects in B and T cell positioning and antibody responses similar to mice lacking EBI2 (18, 28) , suggesting that 7,25-HC may be the sole ligand acting on EBI2 in lymphoid tissues.
In earlier studies, we and others established that EBI2 was critical for MZ bridging channel positioning of CD4 + DCIR2
+ DCs and for their homeostasis, with EBI2-deficient mice having about fourfold less of these splenic cells (3, 4) . The defective DC homeostasis reflected a reduced ability of EBI2-deficient cells to access LT12 on B cells. Ch25h-and Cyp7b1-deficient mice also showed defects in these DCs, establishing a critical role for 7,25-HC in DC maintenance (3, 4) .
When we further characterized Ch25h-deficient mice, we noted that the defects in their splenic DCIR2 + cDC2 compartment were less severe than those in EBI2-deficient mice. Specifically, we found that Ch25h-deficient mice retained more CD4 + DCIR2
+ DCs than EBI2-deficient mice and that the disruption in bridging channel positioning of these DCs was less complete. This led us to find that Cyp27a1 also contributes to the EBI2-dependent maintenance of splenic cDC2s. We show that both Cyp27a1 and Ch25h are expressed in MZ bridging channels, and we propose that these enzymes act cooperatively to control naïve (sentinel) DC positioning. We also found that cDC2s upregulate EBI2 after activation and establish that their positioning in the splenic outer T cell zone depends on EBI2 and Ch25h. We show that EBI2 function in DCs after activation is suppressed by type I IFN, suggesting a mechanism whereby different innate stimuli lead to different T cell activating roles for DCs. Last, we provide evidence for cross-talk between DC subsets by showing that Batf3-dependent DCs promote outer T cell zone positioning of DCIR2 + DCs in a manner that depends on their expression of the oxysterol-metabolizing enzyme Hsd3b7.
RESULTS

Cyp27a1 functions in positioning and homeostasis of DCIR2
+ DCs In the course of testing the enzyme requirements for EBI2 ligand production (Fig. 1A) , we noticed that the defect in splenic DCIR2 + DC positioning in Ch25h-deficient mice was less severe than that in EBI2-deficient mice. Immunohistochemical staining of tissue sections revealed that Ch25h-deficient mice retained small clusters of DCIR2 + DCs in MZ bridging channels, whereas these were almost undetectable in EBI2-and Cyp7b1-deficient mice (Fig. 1B and fig. S1 ). Enumeration of splenic DCIR2 + cDCs by flow cytometry showed that their deficiency was less severe in Ch25h-deficient mice than in EBI2-and Cyp7b1-deficient mice (Fig. 1C) . We used the DCIR2 marker in these studies because it uniquely allows identification of cDC2s in tissue sections and is expressed by most of the splenic cDC2s. Similar numerical deficiencies were obtained when we examined cDC2 frequencies using CD4, endothelial cell-selective adhesion molecule (ESAM), signal regulatory protein  (SIRP), or CD11b ( fig. S2) . A comparison of spleen extracts for EBI2 ligand bioactivity using a subnanomolarsensitive assay [(24); fig. S3A ] revealed that Ch25h-deficient mice retained detectable EBI2 ligand, whereas ligand was almost undetectable in Cyp7b1-deficient mice (Fig. 1D ). These observations and the in vitro evidence that 7,27-HC has a potency on EBI2 within 10-fold of 7,25-HC [(25); fig. S3A ] led us to consider the possibility that Data in (B) to (E) are representative of at least two independent experiments with at least three mice per condition. Migration assay (F) contains data from three independent experiments. Scale bars, 100 m. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (P > 0.05) by one-way ANOVA with Bonferroni's post hoc test for indicated comparisons.
Cyp27a1 acts as a second enzyme upstream of Cyp7b1 to generate EBI2 ligand activity in the spleen. Quantitative reverse transcription polymerase chain reaction analysis revealed that Cyp27a1 was highly expressed in the spleen and splenic stroma and also within the DCs themselves and was much less expressed in lymphocytes (Fig. 1E) . In vitro migration analysis demonstrated that 7,27-HC, although less potent than 7,25-HC, was an efficacious attractant of DCs in the low nanomolar range (Fig. 1F) . 7,27-HC appeared to retain more activity at high (100 nM) concentrations than that observed for 7,25-HC. This might reflect differences in the extent of receptor desensitization because 100 nM 7,27-HC caused less internalization of EBI2 than 100 nM 7,25-HC, although both ligands caused similar downmodulation at micromolar concentrations ( fig. S3B ).
In initial experiments with Cyp27a1-deficient mice, we observed that they have a marked deficiency of DCIR2 + DCs (Fig. 1C) . Unexpectedly, this deficiency exceeded that observed in Ch25h-deficient mice. Cyp27a1 has an important role in bile acid precursor synthesis in the liver, and mice lacking this enzyme have elevated plasma cholesterol and triglyceride concentrations (27) . This is a consequence of elevated sterol response element-binding protein (SREBP-1 and SREBP-2) activity and reduced nuclear hormone receptor (farnesoid X receptor) activity in these mice because of their diminished bile acid pool and reduced absorption of dietary cholesterol (27) . Previous work has shown that these phenotypes can be corrected by maintaining mice on a cholic acid-containing diet (29) . When Cyp27a1 knockout (KO) mice were placed on this diet, their DCIR2 + DC frequencies became similar to those of controls (Fig. 2, A and B) . One explanation for these observations is that Cyp27a1-deficient mice overproduce 7,25-HC (30) , and this disrupts the 7,25-HC gradient needed for DC maintenance. Consistent with this notion, we found that EBI2 ligand bioactivity was elevated in spleen extracts from Cyp27a1 KO mice, but bioactivity was normal in spleen extracts from Cyp27a1 KO mice placed on a cholic acid-containing diet ( fig. S3C ). Similarly, bioactivity was present in plasma of Cyp27a1 KO mice on regular diet but was undetectable in plasma of mice maintained on a cholic acid-containing diet ( fig. S3D ).
With these observations in mind, all further studies with Cyp27a1-deficient mice were performed with animals maintained on a cholic acid-containing diet. We speculated that the contribution of Cyp27a1 to EBI2-mediated DC positioning and homeostasis may normally be subdominant to the contribution of Ch25h. DCIR2 + DC frequencies in Ch25h and Cyp27a1 double-knockout (DKO) mice were reduced more substantially than in Ch25h-deficient mice and, to a similar extent, in EBI2-and Cyp7b1-deficient mice (Figs. 2, A and B, and 1C) . This reduction in DCs was not due to selective loss of the DCIR2 marker because analysis of additional markers of splenic cDC2s (CD4, SIRP, ESAM, and CD11b) revealed a similar deficiency in each case ( fig. S2 ). Analysis of spleen sections revealed that the bridging channel DCIR2 + DC clusters detectable in Ch25h KO mice were no longer detectable in mice that also lacked Cyp27a1 (Fig. 2C and fig. S1 ). Instead, the remaining DCs were scattered in the RP as observed for EBI2-deficient mice ( Fig. 2C and fig. S1 ). Consistent with these observations, spleen extracts from Ch25h and Cyp27a1 DKO mice had minimal EBI2 ligand bioactivity (Fig. 2D) . Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of pooled soluble spleen extracts from multiple wild-type (WT) mice revealed that 7,27-HC was present at a concentration of ~0.013 ng/mg tissue (~30 nM), whereas it was undetectable in Cyp27a1 KO spleen extracts (Fig. 2E) . Because the splenocytes were removed without cell lysis during generation of these extracts, this measurement approximates what is found in the interstitial fluid. It is likely that local concentrations in tissue subregions are considerably higher. We also confirmed the importance of Hsd3b7 in metabolizing 7,27-HC by observing that Hsd3b7 deficiency caused a marked increase in this oxysterol in the spleen (Fig. 2E) .
To test whether the Ch25h and Cyp27a1 DKO mice retained any EBI2-dependent activity in vivo, we reconstituted irradiated DKO and control mice with an equal mixture of WT and EBI2-deficient bone marrow (BM). Upon reconstitution, we observed the expected twofold outcompetition of EBI2 KO DCs by WT DCs in control hosts (Fig. 2F) . In Ch25h-deficient hosts, the WT DCs were deficient but still outcompeted the EBI2 KO DCs (Fig. 2F) . However, in Ch25h and Cyp27a1 DKO hosts, the WT and EBI2 KO DCs were almost equally compromised, similar to the findings in Cyb7b1-deficient hosts (Fig. 2F ). These data demonstrate that both Ch25h and Cyp27a1 contribute to the generation of EBI2 ligand activity controlling DCIR2 + DC homeostasis. These data also show that Cyp27a1 was required in radiation-resistant (stromal) cells and not intrinsically in the DCs to maintain DCIR2 + DC homeostasis (Fig. 2F) .
Analysis of mesenteric lymph nodes (LNs) in cholic acid-fed Cyp27a1-deficient mice showed that migratory and resident DCs were present at normal frequencies and that DCIR2 + DCs were correctly distributed ( fig. S4, A S4 , A and B) suggesting that Cyp27a1 may not be required for DC homeostasis in LNs. This was further established using the mixed BM chimera approach because the EBI2-deficient DCs were underrepresented to the same extent in WT and Cyp27a1 KO hosts ( fig. S4C ). Moreover, WT and EBI2-deficient cells were equally deficient in Ch25h KO hosts and further removing Cyp27a1 had no additional effect ( fig. S4C ). In tissue sections, DCIR2 + DCs were most concentrated in regions of the T cell zone near B cell follicles; this distribution was disrupted in EBI2-deficient and Ch25h-deficient mice but appeared unaffected in Cyp27a1-deficient mice ( fig. S4D ). Ch25h and Cyp27a1 DKO mice showed a similar disruption to that observed in Ch25h-deficient mice ( fig. S4D ). Thus, in contrast to the spleen, Cyp27a1 does not appear to be required for homeostasis of DCIR2 + DCs in mesenteric LNs despite the relatively high Cyp27a1 mRNA expression level in this tissue (Fig. 1E) .
Patterns of enzyme expression in the spleen
To understand how Cyp27a1 and Ch25h might work together to control DC positioning and homeostasis, it was critical to determine the pattern of enzyme expression. Attempts to stain for Cyp27a1 using rabbit antisera or detect transcript distribution using standard in situ hybridization techniques were unsuccessful. We therefore turned to the RNAscope procedure that uses multiple tagged DNA oligonucleotides and a secondary hybridization procedure to amplify the signal to detect mRNA distribution (31) . This approach revealed that Cyp27a1 mRNA was particularly abundant in splenic MZ bridging channels and was also present in the T cell zone and at lower levels in B cell follicles (Fig. 3A , boxed regions highlight example bridging channels; see also fig. S5A ). Because Cyp27a1 is expressed in DCs (Fig. 1E) , we also examined diphtheria toxin (DT)-treated Zbtb46-DT receptor (DTR) (zDC-DTR) BM chimeric mice that lack DCs ( fig. S5B ). DC-deficient mice showed a pattern of Cyp27a1 expression in MZ bridging channels similar to salinetreated zDC-DTR mice, with considerably less signal in the T cell zone (Fig. 3B ). These data suggest that Cyp27a1 is expressed by stromal cells in the MZ bridging channels but is expressed by both DCs and stromal cells in the T cell zone. Using the same method, we found that Ch25h was abundantly expressed by cells in the outer follicle and within interfollicular regions, including in the MZ bridging channel (Fig. 3A  and fig. S5A ). Ch25h expression was conspicuously low within B cell follicles, in accord with earlier laser capture microscopy analysis (28) , and was also low within the T cell zone, although expression could be detected at the B-T zone interface (Fig. 3A, arrows) . The specificity of the Ch25h probe was confirmed using tissue from Ch25h KO mice [fig. S3A; this control was not possible with Cyp27a KO mice because they retain most of the coding region (32) and express the mutated transcript]. The Ch25h mRNA detected by RNAscope was restricted to radiation-resistant cells because we observed no difference in the hybridization pattern in spleen tissue from mice reconstituted with Ch25h KO BM ( fig. S5C ). Cyp7b1 was more widely distributed than either Cyp27a1 or Ch25h, and expression could be detected in the MZ bridging channels, the T cell zone, and follicles ( Fig. 3A and fig.  S5A ). The oxysterol-metabolizing enzyme, Hsd3b7, was particularly widely expressed ( Fig. 3A and fig. S5A ), and this included considerable expression by hematopoietic cells in the T cell zone ( fig. S5C ), most likely in DCs (28) . RNAscope analysis of liver sections confirmed the very high expression of Cyp27a1, Cyp7b1, and Hsd3b7 and minimal expression of Ch25h in this bile-producing tissue ( fig. S5D ). The liver showed the expected sexual dimorphism in Cyp7b1 expression (33) , a difference that is not observed in lymphoid tissues ( fig. S5D ). The presence of both Cyp27a1 and Ch25h in MZ bridging channels is consistent with these enzymes acting cooperatively to generate EBI2 ligand in this region of the spleen.
EBI2 is required for positioning activated DCs in the outer T cell zone
After activation, splenic DCIR2 + DCs rapidly relocalize from the MZ bridging channels, MZ, and RP and move into the T cell zone. In response to SRBC immunization and activation by missing self-recognition, the cells preferentially position in the outer T cell zone (3, 19) . It seemed unlikely that EBI2 would have a role in this behavior, given its requirement for cell positioning in the bridging channels. However, studies in other contexts have shown that small shifts in responsiveness to competing cues can have major influences on cell localization (34). We Gated on B220 -MHCII + CD11c + ) are representative of at least two independent experiments with at least three mice per group. Scale bars, 100 m. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (P > 0.05) by one-way ANOVA with Bonferroni's post hoc test for indicated comparisons.
therefore tested for changes in EBI2 expression in DCIR2 + DCs after SRBC-induced activation. Within 6 hours of activation, the cells not only had strongly up-regulated CCR7 and CD86 but also had increased their surface EBI2 expression (Fig. 4A) . Analysis of green fluorescent protein (GFP) levels in immunized EBI2-GFP reporter mice established that this reflected an increase in transcript abundance in the cells (Fig. 4B) . To test whether EBI2 was required for outer T cell zone positioning while avoiding the effects of chronic EBI2 deficiency on DC numbers, we took advantage of a recently described EBI2 antagonist (35) . We first confirmed that the inhibitor was effective at inhibiting DC migration to EBI2 ligands in vitro while not affecting migration to control chemoattractants ( fig. S6, A and B) . Antagonist treatment resulted in a complete disruption in DCIR2 + DC outer T cell zone preference (Fig. 4C) , a defect that was confirmed by quantitating the fraction of DCIR2 staining in the outer T cell zone across multiple sections ( Fig. 4D and fig. S6C ). This observation led us to reanalyze the distribution of the DCs remaining in EBI2-deficient mice; in the cases where the T cell zone contained sufficient DCs for comparative analysis, the KO cells were uniformly distributed throughout the T cell zone (Fig. 4E) . Activated DCIR2 + DCs also showed little preference for the B-T zone interface in Ch25h-deficient mice, although, in this case, they were sometimes clustered within the T cell zone rather than being randomly dispersed (Fig. 4E) . By contrast, in Cyp27a1-deficient mice, the activated DCs appeared to position normally to the B-T zone interface (Fig. 4E) . In Cyp7b1-and Hsd3b7-deficient mice, the activated DCs were distributed uniformly throughout the T cell zone (Fig. 4E) .
To determine whether EBI2 up-regulation on T cell zone tropic cells was sufficient to promote their positioning in the outer T cell zone, we examined the distribution of transferred T cells overexpressing EBI2. Flow cytometric analysis confirmed that EBI2 transduction led to higher EBI2 expression on the reporter-expressing cells than on the matched vector-transduced cells, and the EBI2 hi cells responded more robustly to 7,25-HC ( fig. S6, D to F) . The EBI2 hi T cells showed a preference to position in the outer T cell zone, whereas control vectortransduced cells were distributed throughout the T cell zone (Fig. 4F) .
Consistent with the findings for activated DCIR2
+ DCs, EBI2 hi T cells continued to position in the outer T cell zone in Cyp27a1-deficient hosts but largely failed to do so in Ch25h-deficient hosts (Fig. 4G) . In mice lacking Cyp7b1, the T cells were uniformly distributed throughout the T cell zone (Fig. 4G) . These data indicate that Ch25h and Cyp7b1 contribute to EBI2 ligand production in the splenic outer T cell zone.
DC outer T zone positioning enhances T follicular helper cell responses
To test the importance of outer T cell zone positioning of DCs on the T cell response, we generated chimeric mice that had similar numbers of DCIR2 + DCs but where the DCs were either EBI2 HET (control) or KO. This was achieved by reconstituting mice with either a 50:50 ratio of EBI2 HET and zDC-DTR BM or an 80:20 ratio of EBI2 KO and zDC-DTR BM (the higher ratio is needed to compensate for the deficiency in EBI2 KO DCs) and then treating mice with DT ( Fig. 5A and fig.  S7A ). After DT treatment, the two types of chimeric mice were found to have well-matched numbers of DCs (Fig. 5B) . Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled OTII T cells were transferred into these mice, and the animals were immunized with SRBCovalbumin (OVA). Analysis after 12 hours confirmed that the control and EBI2 KO DCIR2 + DCs became equally activated ( fig. S7B ). At this time point, WT DCIR2 + DCs were colocalized with OTII cells in the outer T cell zone, whereas EBI2 KO DCIR2 + DCs were only partly overlapping with OTII T cells because the DCs remained uniformly distributed in the T cell zone (Fig. 5C) . After 3 days, the OTII T cells in hosts that had EBI2 KO DCs were deficient in proliferation, upregulation of the activation marker inducible costimulator (ICOS), and acquisition of T follicular helper (Tfh) cell markers CXCR5 and programmed cell death protein 1 (PD-1) (Fig. 5, D to F) . In an adoptive cotransfer experiment using hen egg lysozyme (HEL)-specific Hy10 B cells and OTII T cells and immunization with SRBC-HEL-OVA, Tfh cell induction was again defective (Fig. 5G ) and Hy10 cells were less able to give rise to germinal center B cells in mice that lacked EBI2 on DCs (Fig. 5H) . These data support the conclusion that EBI2-dependent 
Type I IFN signaling overrides DC outer T cell zone positioning
DCs also redistribute into the T cell zone after LPS or poly I:C treatment (10-13, 15), although whether these stimuli cause the cells to favor the outer T cell zone has been unclear. Analysis of EBI2 expression on DCIR2 + DCs after exposure to these activating stimuli revealed that LPS induced similar expression to SRBCs, whereas poly I:C induced inferior expression of both EBI2 and CCR7, despite up-regulation of CD86 to similar levels (Fig. 6, A and B, and fig. S8A ). In accord with the differences in EBI2 surface expression, LPS caused DCIR2 + DCs to favor the B-T zone interface, whereas poly I:C did not (Fig. 6C and fig. S8B ). In vitro migration assays confirmed that there was a close correspondence between the EBI2 surface levels and the ability of the DCIR2 + DCs to respond to 7,25-HC (Fig. 6D) . These data led us to examine whether poly I:C could have a suppressing effect on EBI2 function in DCIR2 + DCs. Analysis of mice treated with a mixture of SRBCs and poly I:C showed that, although DCIR2 + DCs were able to up-regulate CCR7 and CD86 ( fig. S8A) , there was an impaired surface expression of EBI2 (Fig. 6, A and B) and the DCs failed to position at the B-T zone interface (Fig. 6C and fig. S8B ). Analysis of EBI2-GFP reporter expression showed that poly I:C did not suppress EBI2 at the transcriptional level, suggesting that the receptor was being posttranscriptionally regulated ( fig. S8C ). This observation brought our attention to the type I IFN inducibility of Ch25h (21) . Ch25h transcripts were upregulated in spleen tissue of poly I:C-treated mice (Fig. 6E) , and there was a corresponding increase in EBI2 ligand bioactivity (Fig. 6F) . The increase in bioactivity after poly I:C treatment was lost in IFN- receptor (IFNAR) KO mice (Fig. 6F) , and the inhibition of EBI2 surface expression and outer T cell zone positioning was rescued in these mice, establishing that these effects were mediated by type I IFN (Fig. 6, A  to C, and fig. S8, A and B) . Consistent with type I IFN-inducing Ch25h expression, induction of EBI2 ligand bioactivity by poly I:C was lost in Ch25h KO mice ( fig. S8D ). Immunization of IFNAR KO→WT and WT→IFNAR KO BM chimeras showed that IFN was acting on both radiation-sensitive (hematopoietic) and radiation-resistant (stromal) cells to promote EBI2 ligand production (Fig. 6G ). In accord with this observation, IFNAR expression on either hematopoietic cells or stromal cells was sufficient to prevent DCIR2 + DC positioning in the outer T zone (Fig. 6H) . In contrast to the findings for EBI2 ligand production, the modulating influence of poly I:C on surface EBI2 levels was dependent on IFNAR expression in hematopoietic cells ( fig. S8E) , and mixed BM chimeras showed that this dependency reflected a DC-intrinsic effect ( fig. S8F ). Analysis of BM chimeric mice in which DCs were selectively IFNAR-deficient also showed the recovery in surface EBI2 levels ( fig. S8G ). However, poly I:C treatment continued to cause dispersal of DCIR2 + DCs throughout the T cell zone in these mice ( fig. S8H) . Spleen extract bioactivity analysis showed that poly I:C caused elevations in EBI2 ligand levels in mice lacking IFNAR from DCs ( fig. S8I ). Together, these data indicate that type I IFN suppresses DCIR2 + DC positioning in the outer T zone and suggest that this effect occurs, at least in part, because of disruption of EBI2 lig and gradients as a result of increased 7,25-HC production by both hematopoietic and nonhematopoietic cells.
We note that LPS treatment caused a more diffuse distribution of DCIR2 + DCs in the outer T cell zone than induction by SRBCs (Fig. 6C and fig. S8B ). Similar to poly I:C, LPS caused an elevation of Ch25h mRNA and EBI2 ligand bioactivity in total spleen (Fig. 6, E and F) . However, EBI2 surface levels appeared similar to those induced by SRBCs (Fig. 6, A and  B) . We rationalize that LPS treatment may lead to a smaller increase in EBI2 ligand abundance specifically in the T cell zone compared with that occurring after poly I:C treatment, and this only partially disrupts the EBI2-mediated navigation of activated DCs to this region.
XCR1
+ DCs help establish EBI2 ligand gradients used by DCIR2 + DCs During our characterization of DCIR2 + DC positioning in response to the various stimuli, we observed that the T zone positioning of DCIR2 + DCs correlated with a distinct positioning pattern of activated Batf3-dependent XCR1 + DCs. XCR1 is expressed by ~85% of splenic CD8 + DCs, and these cells are localized in the T cell zone, MZ, and RP in naïve mice (5-9). These DCs up-regulated CCR7 and CD86 but not EBI2 within 6 hours of SRBC immunization (Fig. 7A and fig. S9 , A and B) and redistributed from MZ and RP locations into the central T cell zone (Fig. 7B  and fig. S9C ). In this location, the XCR1 + DCs were surrounded by DCIR2 + DCs in the outer T cell zone (Fig. 7B and fig.  S9C ). In vivo pulse labeling of bloodexposed cells by intravenous injection of phycoerythrin (PE)-labeled antibody (36) showed that SRBC immunization caused redistribution of many DCIR2 + and XCR1 + DCs from a highly bloodexposed location (likely corresponding to the RP, MZ, and bridging channels) to a more secluded location, consistent with relocation into the white pulp (Fig. 7C) . Redistribution of DCIR2 + and XCR1 + DCs into the white pulp could also be detected by in vivo CD45-PE labeling after immunization with LPS or poly I:C (fig. S9D ).
The dichotomous relationship between XCR1 + and DCIR2 + DC positioning after activation, together with our earlier observation that CD8 + DCs highly express the oxysterol-metabolizing enzyme Hsd3b7 [confirmed here for cells from naïve and SRBC-immunized mice ( fig.  S9E) ] (28), led us to test whether XCR1 + DCs had a role in determining the distribution of DCIR2 + DCs. SRBC immunization of Batf3 KO mice, which are deficient in XCR1 + DCs (1), resulted in the inability of DCIR2 + DCs to position in the outer T cell zone (Fig. 7D and fig. S9F ). Images in (C) are representative of three mice, and data in (B), (D), (E), and (F) are representative of two independent experiments with at least three mice per group. Data in (G) and (H) are obtained from one experiment with five mice per condition. Scale bars, 100 m. **P < 0.01; ***P < 0.001; n.s., not significant (P > 0.05) by unpaired Student's t test. Analysis of mice lacking Hsd3b7 specifically in hematopoietic cells revealed a defect in activated DCIR2 + DC positioning in the outer T cell zone (Fig. 7E) , consistent with a requirement for Hsd3b7 in DCs. To test whether this requirement was within Batf3-dependent cells, we examined BM chimeric mice where only the Batf3-dependent DCs were fully Hsd3b7-deficient and also observed that activated DCIR2 + DCs failed to accumulate in the outer T cell zone (Fig. 7F ). These observations provide evidence that XCR1 + DCs can promote EBI2 ligand turnover and thereby help establish EBI2 ligand gradients needed for activated DCIR2 + DC positioning. This property of XCR1 + DCs may be modulated under some conditions because poly I:C treatment down-regulated Hsd3b7 while up-regulating Ch25h and Cyp7b1 in these cells ( fig. S9E) .
DISCUSSION
This study identifies a role for Cyp27a1 in DC positioning and homeostasis and provides evidence that this activity occurs through synthesis of a second EBI2 ligand, 7,27-HC. Cyp27a1 is expressed in lymphoid stromal cells, and we propose that the enzyme functions together with Ch25h to generate paired gradients of 7,27-HC and 7,25-HC that act combinatorially to control naïve (sentinel) cDC2 positioning ( fig. S10 ). We further demonstrate that EBI2 is up-regulated along with CCR7 in activated cDC2s, and the associated increase in responsiveness to EBI2 ligands is necessary for DC positioning in the outer T cell zone to promote efficient induction of Tfh cells ( fig. S10 ). Type I IFN negatively regulates DC outer T cell zone positioning, an influence that is likely to alter the types of T cell responses that are favored ( fig. S11 ). Last, we provide evidence that Batf3-dependent DCs can act as an EBI2 ligand sink, an activity that appears necessary for correct localization of cDC2s under some activation conditions, revealing population-level coordination of cDC1 and cDC2 distribution in lymphoid tissues ( fig. S11 ).
Cyp27a1 is expressed in the T cell zone and at lower levels in follicles, as well as in splenic MZ bridging channels. Several factors beyond Cyp27a1 expression are likely at play to shape the 7,27-HC gradient. Cyp7b1 is required downstream of Cyp27a1 for 7,27-HC synthesis, although our previous work suggests that the two enzymes would not need to be expressed in the same cells (28) . A key factor in determining local 7,27-HC concentrations may be the density of Cyp27a1-and Cyp7b1-coexpressing cells, or the proximity of cells expressing the individual enzymes. It is also possible that the amounts of Cyp27a1 and Cyp7b1 or their enzymatic activities are modulated posttranscriptionally. Tissue-wide transcriptome analyses (e.g., Biogps.org) have shown that Cyp27a1 and Cyp7b1 are coexpressed in multiple tissues. 7,27-HC may therefore be produced in a range of tissue types where the sterol could have actions, either together with or independently from 7,25-HC, which influence the behavior of EBI2-expressing cells.
The expression pattern of Ch25h revealed by the RNAscope analyses agrees well with the distribution determined by less precise methods Histograms and images are representative of at least three mice analyzed per condition. Scale bars, 100 m.
[laser capture microscopy and stromal cell sorting (28) ] and demonstrates that this enzyme has a unique perifollicular expression pattern in the spleen. This pattern closely matches the established dependence of EBI2-mediated B cell positioning on Ch25h (20, 28) and is in accord with the EBI2 dependence of activated cDC2 positioning we describe here. The expression pattern in the outer follicle may correspond to marginal sinus-lining cells (37) , although definitive statements will require the development of procedures for combining RNAscope with markers specific for these cells. The stromal cells expressing Ch25h at the B-T zone interface do not match a well-defined subset and may represent an uncharacterized subtype of fibroblastic reticular cell. Our finding that EBI2 is needed for controlling distinct positioning events of naïve and activated cDC2s represents a new example of cell positioning that is determined by cooperative or balanced responsiveness to multiple cues (34) . In naïve cDC2s where CCR7 expression is low, EBI2 likely guides the DCs to a position of high EBI2 ligand and low CCR7 ligand abundance (possibly cooperating with ligands for yet other receptors). In activated DCs, the increase in CCR7 makes the cells responsive to CCL21 and CCL19 that are abundant throughout the T cell zone, and EBI2 now cooperates with CCR7 to position the DCs in a zone where ligands for both receptors overlap, the outer T cell zone ( fig. S10 ). The fact that DCIR2 + DC positioning in this location augments CD4 + T cell responses is in agreement with the finding that activated CD4 + T cells undergo extensive interactions with DCs, preferentially in this region (17, 18) .
SRBCs have been shown to cause cDC2 activation because of missing self-CD47 recognition (19) . The physiologically analogous mode of cDC2 activation has not yet been determined, but it is speculated that any circulating endogenous cells with reduced CD47 may engage this pathway. The similar cDC2 distribution after LPS treatment indicates that multiple modes of activation are likely to cause EBI2 up-regulation and outer T zone preference by cDC2s. However, pathogens that also strongly induce type I IFN (as modeled here using poly I:C) may disrupt DC EBI2 function in a cell-extrinsic manner, likely because of increased EBI2 ligand production (and possibly reduced degradation) by various cell types in the inner T cell zone. Our data also showed that type I IFN had a DC-intrinsic posttranscriptional effect on EBI2 surface levels. Although further work will be needed to determine whether this reflects effects on EBI2 translation, internalization, or turnover, the findings suggest that EBI2 surface levels cannot be taken as a simple correlate of extracellular EBI2 ligand abundance. Marked changes in the expression of homeostatic lymphoid tissue organizers (the chemokines CCL21, CCL19, and CXCL13) have been reported in various infection models (37) . It will be important in future studies to characterize how EBI2 expression and EBI2 ligand production are modulated in lymphoid tissues after various types of infection and to determine how this affects adaptive immune responses.
The finding that type I IFN antagonizes EBI2 function on activated cDC2s and favors their dispersal throughout the T cell zone raises questions about the different antigen-presenting roles of these DCs. Although they have been established to augment Tfh cell differentiation and antibody responses (1, 18, 38) , they also support IFN-producing T cell responses (39, 40) . Because type I IFN is most prominently induced during infections with intracellular pathogens, perhaps dispersal throughout the T cell zone allows the cDC2s to present antigen in a manner that more effectively induces a T helper 1 cell fate. In accord with this notion, cDC2s were shown to depend on interleukin-12 from cDC1s for induction of IFN-producing cells (40) . By up-regulating Ch25h expression, type I IFN increases not only EBI2 ligand but also 25-HC abundance (21) . Because 25-HC can have multiple actions on cells, including repression of cholesterol biosynthesis and antagonism of viral replication, it is possible that the actions of 7,25-HC and 25-HC on DCs are coordinated to match the response to the type of invader.
Although some studies had suggested that CD8 + DCs may mostly be in the splenic T cell zone, other observations showed that they were more widely distributed (15, 41, 42) and their presence in the RP and MZ, as well as in the T cell zone, was more clearly established using the XCR1 marker (5-9). These DCs move into the T cell zone after activation (8, 9, 42) . Our finding that CD8 + DCs up-regulate CCR7 but not EBI2 under the activation conditions tested provides a possible explanation for why they were not enriched in the outer T cell zone. We establish that Batf3-dependent DCs help exclude EBI2 hi DCIR2 + DCs from the central T cell zone through their high expression of Hsd3b7 and presumed efficient metabolism of 7,25-HC. We do not exclude the possibility that Hsd3b7-deficient Batf3-dependent DCs are altered in additional ways that affect T cell zone organization. Future work is also needed to determine how much the cDC1 influence on cDC2 positioning affects T cell responses to various immunogens. The cross-talk between DC populations that we describe here likely represents an example of a broader set of population-level interplays that help fine-tune tissue reorganization events during the immune response.
MATERIALS AND METHODS
Study design
The aim of this study was to characterize the oxysterol requirements for EBI2-dependent positioning of naïve and activated DCs in lymphoid tissues and to assess how this positioning affects Tfh cell responses. Most of the experiments consisted of enumeration of population frequencies by flow cytometry, assessment of cell or enzyme distribution using immunohistochemistry, quantitation of EBI2 ligand abundance using bioassay, and testing Tfh cell responses via adoptive transfer of antigen-specific T or B cells. Littermate comparisons were used for all mouse studies unless otherwise indicated. Control and experimental treatments were administered to age-and sex-matched mice. The investigators were not blinded. Experimental replication is indicated in the figure legends. 
Immunizations and adoptive transfer
Statistical analysis
Prism software (GraphPad, ver. 5.0a) was used for all statistical analyses. Two-tailed, unpaired Student's t tests were performed when comparing only two groups, and one-way analysis of variance (ANOVA) using Bonferroni's post hoc test for the indicated comparisons was performed when comparing one variable across multiple groups. P values less than 0.05 were considered significant. In summary graphs, points indicate individual mice, and horizontal lines indicate means. In bar graphs, bars indicate means, and error bars indicate SEM.
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